Abstract This paper presents an algebraic derivation of the Kruppa equations. This derivation is much simpler and thus easier to understand than the conventional derivation based on projective geometry. Based on the newly derived Kruppa equations, I further propose a new algorithm for determining the camera intrinsic parameters. Once they are determined, both the motion and object shape can also be determined.
Introduction
Camera calibration is an important part of any practical vision system. Traditional methods use calibration objects of known shape. The camera parameters can be solved for by relating the known 3D coordinates with the observed image coordinates 8, 1] . The recent focus of interests is self-calibration, which does not require any objects of known shape, but only requires a number of feature points be matched over two or more observations. With 7 or more points matched between 2 images, one can determine the epipolar geometry or the Fundamental matrix (with 8 or more points, the Fundamental matrix can be determined linearly). Then the Kruppa equations are used as constraints on the camera intrinsic parameters 7, 6, 3] . If enough observations are made, the intrinsic parameters can nally be solved for. In the literature, the Kruppa equations are derived using concepts of projective geometry like absolute conic at in nity, tangent to dual conic... Though these are elegant concepts, people not familiar with them often shy away from proceeding to understand the Kruppa equations.
In this paper, I show a purely algebraic derivation of the Kruppa equations using only simple linear algebra. The result is more general than the previous speci c forms of the Kruppa equations. I further show a new algorithm for determining the camera intrinsic parameters from the derived Kruppa equations.
A Brief Review of the Epipolar Geometry
Let us look at the case of two cameras. Each camera has an intrinsic matrix in the form of With the background knowledge of epipolar geometry described in the last section, we start from (9) and use only linear algebra to derive the Kruppa equations, instead of introducing the concepts of absolute conic at in nity, and tangents to the dual conic 7, 6, 3] . From (6) and (9) 18) only 3 ratios are independent, from which we obtain two independent equations that are quadratic with respect to the components of C and C 0 . This agrees with the fact that F has 7 degrees of freedom, of which rotation and translation have 5 degrees of freedom.
Comparison with Previous Result
The previous derivation produces two intermediate equations: 
An Algorithm
The selection of 3 equal ratios depends on the epipole. Since (18) gives 3 constraints on the 6 equal ratios, only 3 ratios are independent. The problem is which to choose because there are many combinations of independent 3 ratios. which is close to zero allows K 13 ? sK 0 13 to be away from zero.
As The convergence depends on the initial position. An initial position which is usually sufciently close to the correct solution, can be obtained by assuming that the image principal point (u 0 ; v 0 ) is the image center, the two image axes are perpendicular (b = 0). Fortunately, these two assumptions are usually very well satis ed by most cameras of today. It is widely known that the results of motion and structure recovery are not sensitive to the position of the principal point. Now we have only two unknowns u ; v in A. Two images, that is, one fundamental matrix, is enough to solve for them. From (16) we obtain two quadratic equations in u ; v , which have unique closedform solutions. Note that both u and v are positive. Since we know that C 33 should be 1, we need to rescale the eigenvector such that the last component of c is 1. The rescaled eigenvector provides the solution for C. From C, the intrinsic matrix A can be easily determined, and further we can determine the translation vector by (10) , and the rotation matrix can be determined from (15) using singular value decomposition 4] or quaternion 1].
Summary
In this paper I presented an algebraic derivation of the Kruppa equations, which are the essential equations for self-calibration of cameras. This derivation makes the Kruppa equations much easier to understand. The new result is more general than the previous one. And a new algorithm is proposed to solve for the intrinsic parameters. Experimental results will be shown on the screen during the lecture.
